Abstract: Recent studies have shown that a type of stochastic resonance, known as co-operative behavior, can occur in biological neurons. This behavior is characterized by phase locking between the pulse position modulation of the neuron activation, and weak sinusoidal input signals. The behavior is strongly influenced by the level of background noise in the system. It is common for the phase of the neuron activation to lock on a subharmonic of any sinusoidal input stimulation, or on a subharmonic of a combination tone. This paper examines this behavior in terms of known phenomena of acoustic perception, particularly virtual pitch and the pitch shift effect. lt is shown that a simulated neuron displays intervals in excitation corresponding to the observed results from previous experiments. lrr addition, the modulation of these effects by additive noise is demonstrated.
INTRODUC~ON
The perception of pitch has been a subject of controversy for over 150 years (1). A particular phenomenon which has attracted detailed study is the perception of pitch in complex tones (1-3). The basis of most of the phenomena is the perception of a "virtual pitcV at some frequency for which there is no spectral energy present in the auditory excitation signal. Many tieories, based on increasingly more comprehensive and accurate data, have been proposed to explati the measured results (4-6). Most recently, there has been an increastig weight of data to show that the virtual pitch is directly present in the output of the auditory nerve, and therefore must be a product of a nonlinearity in the mechanical-to-neural transduction or in the auditory nerve itself (7,8). It has recently been shown that a nonlinear phenomenon, variously called stochastic resonance or co-operative behavior, can occur in neurons (9); and that a significant effect of this behavior is phase-locking between the neuron's activation, and the fundamental or subharrnonics of a sinusoidal stimulation ( 10) .
In this paper, we examine the behavior of a simple simulated neuron based on the Fitzhugh-Nagumo model (1 O). The neuron consists of a Wiener (integrate-fire) process, which we have stimulated witi various combinations of complex tones and noise. The results show that the virtual pitch effect can be produced in a model neuron. In addition, we show that measured and published psychoacoustic data display evidence of co-operative behavior.
MODEL NEURON
The model neuron used in this work is shown in Figure 1 , in terms of an equivalent electronic circuit. 
CO-OPEM~BEHAWOR:

RESWTS
The two figures below show the behavior of the model neuron with a combination tone input, and with an input consisting of a Dure sinusoid with masking noise. In both cases the neuron excitation shows behavior similar to that observed-biologically, and that observed in psychoacoustic measurements. FIG~3. The effect on phase-locking of the neuron when white noise is added to the stimulus is shown. The upper two curves show input and excitation for a pure sinusoidal stimulus, while the lower curves show input and excitation when noise is added to the stimulus. Neuron excitation increases in frequency with the addition of noise, as observed by Stoll (3).
